p16, a nuclear protein encoded by the p16INK4a gene, is a regulator of cell cycle regulation. Previous studies have shown that expression of p16 in tissue biopsies of patients with ductal carcinoma in situ (DCIS) is associated with increased risk of breast cancer, particularly when considered in combination with other markers such as Ki67 and COX2. Here we evaluated how expression of p16 in breast tissue biopsies of women with atypical hyperplasia (AH), a putative precursor lesion to DCIS, is associated with subsequent development of cancer. p16 expression was assessed by immunohistochemistry in archival sections from 233 women with AH diagnosed at the Mayo Clinic. p16 expression in the atypical lesions was scored by percent of cells positive and intensity of staining. We also studied coexpression of p16, with Ki67 and COX2, biomarkers of progression in AH. Risk factor and follow-up data were obtained via study questionnaire and medical records. Forty-seven patients (20%) developed breast cancer with a median follow-up of 14.5 years. Staining of p16 was increased in older patients relative to younger patients (p=0.0025). While risk of developing breast cancer was not associated with increased p16 expression, joint overexpression of Ki67 and COX2 was found to convey stronger risk of BC in the first 10 years after diagnosis as compared to one negative marker (p<0.01). However, the addition of p16 levels did not strengthen this association. p16 overexpression, either alone or in combination with COX2 and Ki67, does not significantly stratify breast cancer risk in women with AH.
INTRODUCTION
Atypical hyperplasia (AH) of the breast is diagnosed in approximately 40,000-50,000 US women/year, as it is found in about 4-5% of the 1,000,000 benign breast biopsies performed annually (1, 2) . Women diagnosed with AH have a substantial risk of subsequent development of breast cancer, with a cumulative incidence of 30% at 25 years (3). AH is thought to represent a precursor stage to in situ and invasive carcinoma: biopsies of breast tissue removed prophylactically from BRCA1/2 carriers contain various proliferative benign lesions including AH in over 50% of cases (4, 5) , and AH is frequently found in random periareolar fine needle aspirations from high risk women compared to normal risk women (6) . AH is closely related to low-grade in situ carcinoma (7) (8) (9) , with the distinction based mainly upon the extent of the lesion. We have previously investigated processes associated with breast cancer progression as biomarkers of breast cancer risk for AH patients, finding that increased expression of the proliferation marker Ki67 (10) or the inflammatory/invasive marker cyclooxygenase-2 (COX2) (11) are each associated with a higher risk of developing cancer, and that expression of estrogen receptor (ER) is not associated with subsequent cancer development (12) . Previous studies investigating ductal carcinoma in situ (DCIS) have found that expression of Ki67 and/or COX2 in combination with expression of p16 INK4a (p16) are associated with subsequent cancer incidence (13, 14) ; here we assessed whether these markers had prognostic significance for patients with AH.
The p16 protein acts as a negative regulator of cell proliferation by inhibiting the phosphorylation of retinoblastoma (Rb) family members by cyclin-dependent kinases CDK4/6 (reviewed in (15) ). Cells which have been stimulated to proliferate rapidly by oncogenic stimuli can activate an antiproliferative stress-associated senescence program, leading to increased expression of p16 and consequent maintenance of Rb in a hypophosphorylated state, inducing G1 cell cycle arrest (15) . p16 expression is also increased in an age-associated fashion (i.e. replicative senescence) in tissues which have undergone repeated proliferative cycles over extended periods of time (16) .
Conversely in the setting of deregulation of Rb, p16 expression can be elevated in proliferating cells as the growth-suppressive effects of p16 are abrogated downstream of Rb. p16 overexpression is therefore conditional on the functional state of Rb. p16 overexpression in the setting of Rb deregulation is indicative of cancer progression and, in mammary carcinoma, is a hallmark of the basal-like molecular subtype (13, 17) . When assayed in pre-malignant lesions of the breast (i.e. DCIS), increased expression of p16 has been found to be associated with increased risk of subsequent development of cancer when expressed in combination with Ki67 and/or COX-2 (13, 14) .
As AH is thought to represent a precursor to DCIS (7, 18, 19) , we hypothesized that combinatorial analysis of p16, Ki67, and COX-2 expression in AH might stratify risk for subsequent development of DCIS or invasive BC. To test this hypothesis, we first measured the expression of p16 in 233 women with AH and determined association with patient age, type of AH, and risk of subsequent development of cancer. We then studied the risk of subsequent tumor development with concurrent expression of p16, Ki67 and COX-2 in AH.
METHODS

Study population
Entry criteria for this study have been described previously (2, 3) . Briefly, the samples used for this study were derived from a Mayo Benign Breast Disease (BBD) cohort of 9376 women ages 18-85 who had excisional breast biopsies with benign findings at the Mayo Clinic in Rochester, MN between January 1, 1967 and December 31, 1991 (2) . Women were excluded from the study if there was cancer found in any of the specimen. Of the 331 women within this cohort with atypical hyperplasia, paraffin-embedded, formalin-fixed tissue for p16 staining was available for 233 of them. All protocol procedures and patient contact materials were reviewed and approved by the Institutional Review Board of the Mayo Clinic.
Follow-up and risk factor data
Follow-up for breast cancer events and risk factor information was obtained through Mayo medical records and a study questionnaire (2, 3) . Family history was classified as negative, weak, or strong. Criteria for a strong family history were: at least one first-degree relative with breast cancer before the age of 50 years or two or more relatives with breast cancer, with at least one being a first degree relative. Any lesser degree of family history was considered to be weak. Eligible cancer events include women with either DCIS or invasive cancer diagnoses.
Immunostaining
Immunostaining of COX-2 and Ki67 was described previously (10, 11) . p16 (16P07 -Neo Markers, MS1064-P) was assessed by immunohistochemistry using 5 µm formalin-fixed, paraffin-embedded tissue sections. Samples were deparaffinized with three changes of xylene and rehydrated in a series of alcohols (100, 95, then 70% EtOH) and rinsed well in running distilled water. Slides were then placed in a preheated 0.1 mM EDTA, pH 8.0 retrieval buffer for 30 minutes and then cooled in the buffer for 5 minutes followed by a 5 minute rinse in running distilled water. After the HIER (heat-inactivated epitope retrieval) step, slides were placed on the DAKO Autostainer for the following procedure (at room temperature). Sections were incubated with 3% H2O2 in ethanol for 5 minutes to inactive the endogeneous peroxides. Sections were incubated in p16 antibody at 1/80 dilution for 30 minutes at room temperature. Sections were rinsed with Tris-buffered saline/Triton-X100 (TBST) wash buffer. Secondary incubation was with DAKO DUAL+, horseradish peroxidase (HRP) for 15 minutes. The slides were rinsed with TBST wash buffer. Sections were then incubated in 3,3'-diaminobenzidine (DAB+) (K3467, DAKO) for 5 minutes, counterstained with modified Schmidt's hematoxylin for 5 minutes, followed by a 3 minute tap water rinse to blue sections, dehydrated through graded alcohols and cleared in three changes of xylene and mounted with permanent mounting media. Using light microscopy, stained tissue sections were inspected by the study pathologist (HB). Cytoplasmatic immunopositivity with occasional nuclear staining was identified by the brown chromogen diaminobenzidine. Colon cancer tissue was used as positive control, and no primary antibody was used as negative control. Representative p16 staining is illustrated in Figure 1 .
Statistical analysis
Data were summarized descriptively using frequencies and percentages for categorical variables and medians and interquartile ranges (IQRs) for continuous variables. Among the 331 women with atypical hyperplasia, we compared distributions of demographic and clinical variables by tissue availability for p16 staining using chi-square tests of significance for categorical variables and Wilcoxon rank sum tests for continuous variables.
The length of follow-up for each woman in the study was defined as the number of days from her benign biopsy to the date of her breast cancer diagnosis, death or last contact. In addition, women with prophylactic mastectomy, or with a diagnosis of LCIS or DCIS, were censored at the corresponding date of occurrence. We estimated relative risks, overall and by strata of p16, Ki67, and COX-2 staining levels, with standardized incidence ratios (SIRs) by dividing the observed numbers of incident breast cancer by population-based expected values. The approach allowed us to compare rates of breast cancer in our cohort with that of the general population rather than an internal referent group, recognizing that all women in our cohort were at some increased risk of breast cancer from their diagnosis of atypical hyperplasia. Expected values were calculated by apportioning each woman's person-years of follow-up into 5-year age and calendar-period categories, thereby accounting for any age or cohort period effects on the risk of cancer, and multiplying these by the corresponding breast cancer incidence rates from the Iowa Surveillance, Epidemiology, and End Results (SEER) registry. This reference population was chosen because of its demographic similarities to the Mayo Clinic population (80% of cohort members reside in the upper Midwest). Separate analyses were carried out for percent staining and intensity of staining. Potential heterogeneity in standardized incidence ratios across p16, Ki-67 and COX2 staining levels, as well as combinations of the two or three variables, was assessed by use of Poisson regression analysis, with the log-transformed expected event rate for each individual modeled as the offset term. We visually displayed observed and expected event rates using cumulative incidence curves, while accounting for the effects of death as a competing risk (20) . Expected events were calculated for each one-year follow-up interval in a manner similar to that used for determining SIRs. A modified Kaplan-Meier approach was used to accumulate expected incidence over these intervals. The expected curve was then smoothed using linear interpolation. All statistical tests were two-sided, and all analyses were conducted using the SAS (SAS Institute, Inc., Cary, NC) software system.
RESULTS
Patient characteristics
Within our AH cohort of 331 women, samples from 233 patients were available to be stained for p16. We compared these 233 subjects to the remaining 98 and saw no significant differences in terms of distributions of case status, age at AH, family history of breast cancer, and for breast cancer patients, time to diagnosis (p>0.05 for each attribute). The characteristics of the subjects included in this study are presented in Table 1 . Median postbiopsy follow-up was 14.5 years for the 233 women, 47 of whom (20.2%) have developed breast cancer. Of the 47 women in this study who developed breast cancer, 34 had documented invasive cancer, 10 had DCIS, and 3 had confirmed breast cancer but with unknown tumor stage.
p16 immunostaining of AH samples
In the 233 samples, we analyzed both percent cells positive for p16 and intensity of staining. For extent of p16 positivity, we used the following categories: 0, 1-10%, 11-50%, 51-90%, and > 90% atypical cells positive (Figure 1 ). Intensity was categorized as 0 (negative), 1+ (weak), 2+ (moderate), and 3+ (strong) staining. The correlation between these two measures was 0.76 (p-value 0.001). Because of this strong correlation, and because results using intensity of staining were similar to those using percents, all subsequent results focus on percent cells positive. For comparisons with clinicopathological features, we combined the p16-expression categories into two groups: p16 low-expressing (0-10% cell positive) and p16 high-expressing (11+% cells positive), as using an 11%+ threshold separates individuals into groups of approximately two-thirds with less than 11% positive cells and one-third with 11% or more. The positive effects of this categorization are two-fold. First, sub-stratifying women who already have a relatively uncommon condition in the population (women with atypical hyperplasia compose only 3-4% of the total number of women with clinically-confirmed BBD) into categories smaller than one-third of all AH results in subgroups representing less than 1% of all women with BBD, which limits our ability to assess public health significance. Second, due to sample size restrictions, sub-stratifying P16 into smaller categories prohibited the examination of combinations of P16 with Ki67 and COX-2 shown in Table 3 . Using these measures, we found a significant (p=0.0025) association of greater p16 expression with increasing age at BBD diagnosis (Table 1) . We also examined the data categorizing women into 0% cells positive and 1%+, which also separated women into groups of approximately two-thirds and one-third. This threshold yielded similar risk estimate results as with the 11% threshold, but attenuated the association with age at BBD, which was no longer statistically significant. We saw no association between level of p16 expression and year of benign biopsy, indication for biopsy, number of atypical foci, lobular involution status, family history, type of AH, and time of followup ( Table 1) .
Association of p16 expression with breast cancer risk
We found no association between extent of p16 expression and risk of subsequent breast cancer (Table 2, Figure 2) . The overall risk of cancer in the p16 low-expressing group was 3.89 (95% CI=2.72 to 5.56) and RR=3.91 (95% CI=2.43 to 6.28) in the high-expressing group. Similar results were found for cells with low intensity staining (0-1+) vs. 2-3+ staining (data not shown). We also examined time to breast cancer from AH biopsy and found no association with p16 expression (Figure 2) . The median time to breast cancer in the low p16 group was 12.9 years, vs. 13.5 years in the high p16 group.
Co-expression of p16 with Ki67 and COX-2
We evaluated the effect of coexpression of p16 with proliferative (Ki67) and protumorigenic (COX2) markers. We have previously evaluated Ki67 staining for 172 (10) and COX-2 for 158 (11) of these 233 women. Staining of p16, Ki67, and COX-2 on sequential slides from a single block has been performed in 158 women. We did not find that addition of Ki67 or COX-2 expression levels modified the association of p16 with cancer risk (Table 3) . We previously showed that higher Ki67 levels in AH are associated with breast cancer risk (10) . Adding p16 to this analysis did not strengthen the association (not shown). Overexpression of both Ki67 plus COX2 showed an increased breast cancer risk among patients in the first 10 years (SIR 6.70, 95% CI 3.19-14.1) as compared to one negative marker. Further substratification into women with high expression levels of all three biomarkers (N=13) resulted in an SIR of 9.38 (95% CI 3.52-25.0). Although seemingly higher, the addition of P16 did not result in a statistically significant increase in risk over and above the contribution of just Ki67 and COX2, perhaps in part due to the limited sample size in this group of women. Thus, results for this triple high expression group should be interpreted with caution.
DISCUSSION
We quantified p16 expression in a well-characterized cohort of 233 women with AH in which 47 patients had developed breast cancer with a median follow-up of 14.5 years. We found that 32% of the biopsies showed more than 10% atypical cells staining positive for p16. We found that p16 expression levels correlated with age at biopsy (p=0.0025), but not with other demographic and clinical features. We found that patients showing increased expression of p16 in AH had no significant risk of subsequent development of breast cancer, even when considered in combination with expression of Ki-67 and COX2.
p16 is a biomarker of two opposing phenotypes -overexpression of p16 can indicate either activation of a senescence program or loss of growth control through deregulation of Rb signaling. Studies in cultured primary human breast epithelial cells suggest that these phenotypes can be distinguished through combined measurement of p16 and proliferation rate (21) . In invasive breast cancer, combined overexpression of p16 and increased proliferation rate is unique to a subset of tumors of the basal-like molecular subtype (13) . It has also been observed that a subset of DCIS lesions show combined increase in p16 and proliferation (assessed by Ki67). This appears biologically significant as DCIS lesions with increased p16/Ki67 show increased risk for subsequent tumor development (13, 14) . In these DCIS studies, the threshold of Ki67 positivity was set at 10%. The median Ki67 level in the series of DCIS is higher than in the series of AH; in the AH cohort, the median Ki67 is 1% and the a cutoff of 2% cells positive for Ki67 was used to dichotomize groups of individuals with higher or lower degrees of staining (10) . The relative lower proliferation rate in AH may suggest that the high risk p16 phenotype is uncommon in AH. Alternatively, deregulation of Rb in a subset of AH may not correspond to high proliferation and expression of other biomarkers (i.e. E2F targets) may be more informative when combined with p16. Finally, to the extent that p16 expression in AH reflects activation of cellular senescence, prevalence of p16 in AH suggests a substantial percentage of these lesions maintain intact growth regulation.
Women diagnosed with AH are at significantly elevated risk for subsequent development of cancer, but methods for estimating risk for individual women with AH are lacking. We have found that risk models commonly used for women with atypia, which rely primarily on clinical and epidemiologic features, perform no better than chance alone for individual women with atypia (22, 23) . Instead, we have found that direct examination of pathological characteristics of the breast tissue biopsy can be used to better stratify cancer risk for women with AH. For example, we have shown that delayed or reduced lobular involution (24) , the presence of multiple atypical foci (3), and elevated expression of COX-2 (11) and Ki67 (10) are all associated with increased risk for subsequent development of cancer. We predict that a risk model that integrates morphologic and molecular features with clinical and epidemiologic information will improve breast cancer risk assessment.
We found a significant association between p16 expression in the atypical lesions and increasing age at biopsy (p=0.0025). p16 levels have been shown to rise with age in many different tissue types (16, (25) (26) (27) , although association of p16 with age in breast tissue has not been described previously to our knowledge. The consequences of p16 expression in aging tissue is not known. Some evidence suggests that increased expression of p16 directly leads to tissue degeneration associated with aging (28): deletion of p16 in a genetic model of premature aging results in attenuated phenotype and extended lifespan (29) , and caloric restriction that retards aging phenotypes in experimental models also attenuates the accumulation of p16-positive cells (16) . Activation of p16 in aging tissues has been proposed to be a response to extended replication and potentially to serve a tumor suppressive function; however, cells in which p16 expression is maintained for extended periods of time are known to secrete proteins that alter tissue structure and function and promote tumor development (30, 31) . In this cohort of women with atypia, we saw no evidence of reduced or increased risk of breast cancer with higher p16 expression. Investigations with larger cohorts and further analysis of senescence-associated biomarkers may help to determine whether increased p16 expression in older women reflects activation of a tumor-suppressive senescence program or a tumor-potentiating phenotype.
Strengths of our study include central pathologic review of atypia samples and long term post-biopsy follow-up. Our access to extensive medical record information permits assessment of a number of potential covariates; in combination with our previous characterization of this cohort we could examine associations within subsets of concomitant pathologic features. Limitations of the study include the semiquantitative nature of tissuebased biomarker studies, which is further complicated by the generally weak character of p16 immunoreactivity in AH. Furthermore, while to our knowledge this is the largest examination of biomarker information in women with AH to date, we had relatively low statistical power to detect heterogeneity in standard incidence ratios, particularly when including Ki-67 and COX-2 as biomarkers. Investigation of larger or additional cohorts may be required to determine whether p16 expression levels can provide additional discriminatory power when combined with other biomarkers.
Conclusions
p16 has emerged as a marker and mediator of cellular senescence, a key step in the process of preventing tumor progression. Previous studies have found that patients with DCIS with increased p16 expression, in combination with Ki67 (indicating active proliferation) or with COX2 (indicating activation of inflammatory and invasive phenotypes), show significantly higher likelihood of progression to breast cancer, and that the sustained activation of p16 in these cases could be due to bypass of normal senescence responses. Here, we find that expression of p16 in patients with AH is not associated with future cancer incidence, even when combined with expression of Ki67 and/or COX2, which may indicate that the p16-associated senescence pathway remains intact in AH. Comparison of p16 expression with other patient characteristics revealed a significant correlation only for the increased proportion of p16-expressing lesions in older patients (P=0.0025), consistent with previous studies showing age-dependent increases in p16 expression in other tissues. Determining whether the increased abundance of p16-positive cells in AH of older women is associated with tumor protective or promoting effects of senescence activation will require further investigation. Staining levels of p16 in AH. Samples of atypical ductal hyperplasia (ADH, left column) and atypical lobular hyperplasia (ALH, right column), showing fractional staining levels of <1% cells staining positively for p16 (top row), 1-10% p16+ cells (second row), 11-50% p16+ cells (third row), 51-90% p16+ cells (fourth row), and >90% p16+ cells (bottom row). Expression of p16 is not related to cumulative breast cancer incidence or time to breast cancer for women with AH. Observed and expected events are cumulated after accounting for death as a competing risk and are plotted as a function of follow-up interval and stratified by p16 expression levels. Red line, 0-10% cells staining for p16; blue line, 11+% cells staining for p16; black line, expected breast cancer incidence according to Iowa Surveillance, Epidemiology, and End Results survey. 1 Standardized incidence ratios and corresponding 95% confidence intervals, comparing the observed number of breast cancer events to those expected based on incidence rates from Iowa SEER data.
Analyses account for the effects of age and calendar period.
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Test for heterogeneity of the standardized incidence ratio across staining levels. 3 Ki67 staining is dichotomized as percent cells stained, 0 or 1 vs 2 or higher (10).
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COX-2 staining is dichotomized by general staining intensity, 0 or 1+ vs 2+ or 3+ (11).
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Standardized incidence ratios (SIR) and corresponding 95% confidence intervals, comparing the observed number of breast cancer events to those expected based on incidence rates from Iowa SEER data.
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Test for heterogeneity of the standardized incidence ratio across staining levels.
